nation of cell growth with cell division, is a fundamental identified. Of these, 20 mutants were dramatically smaller (whi) and 29 mutants were dramatically larger biological problem in a wide variety of metazoan species [1, 3, 4, 15-19]. Recent exciting research has uncovered (uge) than wild-type cells (Tables 1 and 2 ). An example of the cell size plot of a whi mutant, ada1, and an uge conserved genetic pathways that regulate cell size in fruit flies, nematodes, plants, and mice. Evidence sugmutant, spt10, is shown ( Figure 1C ). Thus, less than 1% (49/5958 ϭ 0.8%) of genes in the yeast genome severely gests that, as in yeast, G1-phase cyclins are downstream effectors in these pathways [2, 3]. Although geaffect cell size. Microscopic analysis of mutants confirmed the cell size defects. netic studies have identified some cell size control pathways, the molecular links between cell division, cell Importantly, three of the four known cell size genes, BCK2, CLN3, and WHI2, were identified. Deletion of the growth, and G1-phase cyclin expression remain obscure [1, 3, 4, 15-17, 19]. In addition, it is not currently underfourth known cell size gene, WHI3, resulted in small cells, but they were not small enough to be classified stood how a cell senses its size, how nutrient signals are transduced to G1-phase Cdks, or how G1-phase as whi mutants by these criteria. The more moderate effect of WHI3 deletions on cell size has been recently Cdks regulate the size at which cells commit to division.
In this study, the identification of 46 new genes inconfirmed [22] . Similarly, it was found that swi4 deletions were abnormally large, but not large enough to be lavolved in the coordination of cell growth with division is reported. Of these, 34 are involved in transcription, beled uge mutants by these criteria. In addition, some deletions were not classified as cell size mutants besignal transduction, or cell cycle control, and 88% of these genes have putative human homologs. The identicause they dramatically altered the rate of cell proliferation or they failed quality control checks (e.g., sfp1 or fication of these genes provides new opportunities for those interested in the elucidation of the molecular swi6; see the Supplementary Material). Of the 49 cell size mutants presented here, 9 mutants had genes with mechanisms of cell size control. unknown function. Of the remaining mutants, 85% (34/ 40) clustered into three functional groups: transcripResults tional regulation, signal transduction, and cell cycle regulation [23] (Tables 1 and 2 ). Importantly, of the mutants Genomic-Wide Genetic Cell Size Screen involved in signal transduction, 100% (7/7) had putative The complete set of homozygous and heterozygous S.
human homologs (Tables 1 and 2 ). Likewise, 84% (16/ cerevisiae deletion strains was obtained [20] . To identify 19) and 87% (7/8) of the mutants involved in transcription new cell size mutants, the size of 5958 single gene deleand cell cycle control, respectively, had putative human tion strains ‫%69ف(‬ of the genome) grown to saturation homologs (Tables 1 and 2 ). was determined (Figure 1) (Tables 1 and 2) .
The distribution of cell size in wild-type yeast is rarely eight mutants, ada1, ace2, anc1, ccr4, hpr1, pho2, spt3, and srb8, affect the expression of the HO promoter [23] . a normal curve, but rather is frequently a right-skewed curve. In normal curves, mean (average size), median Interestingly, the gene products of five uge mutants, ccr4, hpr1, paf1, pop2, and rlr1, physically interact with (size at which half of the distribution is smaller and half is larger), and mode (most frequently occurring size) cell or are components of Ccr4-Not complexes [26] . Four essential gene products, Cdc36, Cdc39, Cdc68, and sizes are identical. However, in right-skewed curves, mode and median values can be smaller than mean Cdc73, that are required for G1-to S-phase cell cycle progression are associated with Ccr4-Not complexes values. To correct for these differences, mean, median, and mode cell sizes were obtained for all mutants. From [23, 26] . Loss of function of Cdc36, Cdc39, and Cdc68 results in a dramatic decrease in CLN2 mRNA transcripthese data, the average mean, median, and mode sizes were calculated ( Figure 1A ). Wild-type cells grown to tion that is equivalent to or greater than that observed in cdc28 mutants at the restrictive temperature (data saturation had similar cell sizes ( Figure 1A ). The mean, median, and mode cell sizes of the entire mutant populanot shown). Ccr4-Not complexes functionally and genetically interact with the PKC-MAP kinase pathway [23, tion were plotted, and the smallest 5% and largest 5% of the mutant population were identified ( Figure 1B) The Ras signal transduction pathway, which affects volved in phosphotidylinositol-3-OH kinase signaling was identified [23] . the transcription of G1-phase cyclins, has been implicated in the regulation of cell size [27] [28] [29] . Several cell size mutants, slg1, sdc25, cln3, and akr1, appear to Dosage-Dependent Regulation of Cell Size The most physiologically relevant cell size control genes function in this pathway [23] . In addition, a number of genes involved in transcriptional regulation and chromaare likely to be those that regulate cell size in a dosagedependent manner [4, 7, 12, 19]. Only 5 of 1166 essential tin remodeling were identified as cell size mutants. These included nine transcription factors, Ace2, Gal80, genes exhibited dramatic cell size phenotypes as heterozygotes in saturated cultures. Of these genes, one Hap2, Hap4, Met32, Pho2, Srb8, Taf14, and Yap3, and six gene products, Ada1, Asf1, Htb1, Rsc1, Spt3, and encodes a histone, HTB1; one is a GTP exchange factor, SRM1; one is a component of the 19S regulatory particle Spt10, involved in chromatin assembly and remodeling (Tables 1 and 2 ) [23] . Other cell size mutants of interest of the proteasome, RPT2; and two are genes of unknown function (Tables 1 and 2 ) [23] . In addition, the size of include three genes, MCK1, RPL34B, and UBP15, in- heterozygotes for the remaining mutants was measured to determine how many affected cell size in a dosagedependent manner (Tables 1 and 2 ). It was found that 30% (6/20) of the whi mutants and 34% (10/29) of the uge mutants displayed a dosage-dependent effect (Tables  1 and 2 ). (Tables 1 and 2) . Three whi mutants, sac1, spt3, and rp134B, had considerably fewer 2N cells than wild-type cells (Table 1) . In addition, a number of whi mutants also had fewer unbudded cells as compared to wild-type cells (Table 1) . This suggests that, in these mutants, cells might progress past START at a smaller than normal cell size. Thus, the genes for these mutants might encode protein products that normally inhibit progression past START. However, not all whi mutants displayed these characteristics. A number of whi mutants had increased numbers of unbudded cells despite having numbers of 2N cells comparable to wild-type cells (Table 1) . In wild-type cells, the initiation of budding and DNA synthesis are coupled at START. These results suggest that these whi mutants might uncouple the initi- [30, 31] . Because the mechanism that links tory to genetic analysis, primarily due to the difficulty in cloning cell size mutants. This problem was circumnutrient-sensing pathways to cell size homeostasis is not well understood, we attempted to determine if any vented by using a systematic genetic screen to identify 49 mutants that resulted in abnormally small (whi) or mutants identified here might function in these pathways. Thus, the ability of these mutants to modulate their abnormally large (uge) cells (Tables 1 and 2) . Importantly, this set of mutants included three of four presize in response to nutrient quality was investigated. Growth on glycerol decreases the growth rate and the viously known cell size control genes. In addition, 46 new cell size mutants were identified. The gene products size of wild-type cells (Tables 1 and 2) . Nearly all of the glycerol-grown uge mutants were larger than glycerolfor five of these genes, Ccr4, Hpr1, Paf1, Pop2, and Rlr1, are components of Ccr4-Not complexes. Deletion of grown wild-type cells (Table 2) . Moreover, the majority of uge mutants logarithmically growing in glycerol were these genes results in abnormally large cells. Moreover, loss of function of three essential gene products, Cdc36, smaller than the same mutants grown in glucose ( The Slt2 MAP kinase phosphorylates the SBF transcription factor, which regulates CLN1 and CLN2 transcripchanges in nutrient quality. Finally, it was found that the majority of both whi and uge mutants were unable to exit tion [34] . It has been proposed that the PKC-MAP kinase signal transduction pathway stimulates the transcription the cell cycle appropriately. When grown to saturation, these mutants arrested with dramatically higher numof some G1-phase genes [34, 35] . However, the whi phenotype observed in mutants in the PKC-MAP kinase bers of budded and 4N cells as compared to wild-type cells (Tables 1 and 2 While the relationship between cell size and proliferation rates is poorly understood, it is likely that each of the a transcription factor, Sfp1, which affects the expression of genes required for ribosome biogenesis [22] . Despite above-stated pathways is involved in the mechanism that coordinates cell growth with division. However, the the elegance of this result, the mechanism whereby ribosome biogenesis affects cell size is still not clear. dissection of this mechanism awaits detailed genetic and biochemical analysis of the newly identified cell size In comparing the two systematic genetic screens, 41% (20/49 total; 17/29 uge mutants and 3/20 whi mumutants to reveal and elucidate the significant functional interactions and relationships. Finally, it is not known tants) of the cell size mutants reported here were also identified by Jorgensen et al. [22] (Tables 1 and 2) . The how the activity of G1-phase Cdk complexes is modulated or measured. A number of observations suggest majority of the mutants in common between these two screens altered cell size in a dosage-dependent manner that the activity of G1-phase Cdk complexes is integral to cell size homeostasis. To begin to address this ques- (Tables 1 and 2 ). Several observations point to the complementary nature of these two screens. First, in contion, two things need to be accomplished. First, it will be necessary to identify more G1-phase Cdk substrates. trast to the genetic screen performed by Jorgensen et al. in which cell size mutants where identified in logarithSecond, proteins that modulate G1-phase Cdk activity or respond to this activity need to be identified. In this mically growing haploid cells, in the present screen, cell size mutants were identified in stationary-phase diploid light, it is interesting to note that neither of the systematic cell size screens identified protein phosphatases cells. Further, most of the mutants reported here fail to exit the cell cycle properly and may be involved in nutrithat strongly modulate cell size [22] . This may be due to functional redundancy of some phosphatases. Howent sensing (Tables 1 and 2 (Table S1 ), cell size data from 181 yeast a Z2 Coulter Counter Channelyzer (Beckman-Coulter). Size data deletion strains that are potential petite mutants (Table S2) , and cell was obtained from 5958 single gene deletion strains ‫%69ف(‬ of the size data from 224 yeast deletion mutants that failed quality congenome), 4792 of which were homozygous diploids and 1166 of trol (Table S3 ) is available at http://images.cellpress.com/supmat/ which were heterozygous diploids (essential genes). Cell size data supmatin.htm. All deletion stains were grown to saturation as desaved in 256 channels was analyzed statistically with Accucomp scribed. 1.0 software (Beckman-Coulter). Statistical analysis was used to identify two classes of deletions. Mutants that were initially 2 SD
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